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Abstract-Although each application service has its own quality 

of service (QoS) requirements, the resource allocation for 
multiclass services has not been studied mainly in multiuser 
orthogonal frequency division multiplexing (OFDM) systems. In 
this paper, we investigate the resource allocation in an effort to 
satisfy the QoS of multiclass services. A power minimization 
problem is examined for the various data rates and bit-error rate 
(BER) traffic. Lagrangian relaxation and a subcarrier time-
sharing factor are used to find an optimal solution. We propose 
an iterative algorithm to find optimal power consumption and a 
low complex suboptimal algorithm for practical implementation. 
The main contribution of this paper is that we apply the optimal 
solution obtained from the power minimization problem into the 
proposed algorithms. We execute extensive simulations under 
various multiclass service scenarios. These scenarios provide a 
more complete assessment of the proposed algorithms. 
Simulations results show that the proposed algorithms 
significantly outperform in total transmit power consumption 
compared to existing resource allocation algorithms.  

I. INTRODUCTION 

Multiclass services are necessary to support multimedia 
communication services. Multiclass services mean that each 
service has its own quality of service (QoS) requirements, such 
as the data rate, target bit-error rate (BER), and delay 
according to different traffic types. To achieve multimedia 
services with higher data rates and spectral efficiency, 
multiuser orthogonal frequency division multiplexing (OFDM) 
is considered as a promising broadband wireless access 
technology in the next-generation wireless communications 
systems [1]. The multiuser diversity effect in multiuser OFDM 
exploits the independent channel fading phenomenon among 
the multiple users. Specifically, a user can access a particular 
subcarrier as the best channel, while other users may regard 
this subcarrier as the worst option due to deep fading. This idea 
yields dynamic resource allocation such as margin-adaptive 
(MA) and rate-adaptive (RA) optimization [2].  

In general, the objective of MA is to minimize the total 
transmit power while satisfying the data rate requirement of 
each user. Wong et al. [3] proposed an optimized subcarrier, 
bit, and power allocation in a MA environment. To solve the 
complex multiuser resource allocation problem, constraint 
relaxation using a subcarrier time-sharing factor and a 
Lagrangian relaxation [4] method were initially used. The 
objective function used in [3] assumed that all users have a 
fixed BER. Recently in [5], Zhou and Chew proposed resource 
allocation schemes for supporting multiclass QoS constraints. 
The original mixed-integer nonlinear programming (NLP) 

problem was transformed to polynomial and linear functions to 
obtain suboptimal solutions without any relaxation methods. 
However, this approach required additional multiple 
optimization variables. Tao et al. [6] investigated the resource 
allocation for delay-sensitive traffic and non-delay-sensitive 
traffic with efficient optimal and suboptimal algorithms. 
However, they applied only a fixed BER into all traffic. Hoo et 
al. [7] proved that the optimal system bandwidth partition 
follows the value of signal-to-noise ratio (SNR) gap used for 
characterizing multiuser multiclass services. Hoo simply 
assumed that all users have the same channel gain over all 
subcarriers in a minimum total power formulation. In [8], [9], 
computationally efficient and practical suboptimal allocation 
algorithms were proposed. However, these algorithms are not 
close to optimal in power minimization, as they simply assign 
the highest channel gain subcarrier to a corresponding user. 

In this paper, we address a power minimization problem 
while guaranteeing multiclass services in multiuser OFDM 
systems. We differentiate the quality of each class by requiring 
different data rates and a target BER. We assume that 
multiclass services require the constant or minimum bandwidth, 
such as constant bit rate (CBR) or variable bit rate (VBR) 
applications. To solve the problem using NLP, a subcarrier 
time-sharing factor and the Lagrangian relaxation method are 
used. After obtaining the optimal solution, we propose an 
iterative algorithm and a suboptimal algorithm by applying the 
optimal solution. The proposed algorithms are simulated under 
various multiclass service scenarios. The proposed algorithms 
consume much less total transmit power than the existing 
resource algorithms discussed in [8], [9]. 

The remaining sections of this paper are presented as 
follows: Section II presents the multiuser OFDM system model 
and the formulation of the problem. Section III describes an 
optimal solution for subcarrier and power allocation schemes 
via NLP. Section IV addresses the proposed resource 
allocation algorithms. Section V illustrates simulation 
environments and results for various multiclass services. 
Conclusions are presented in Section VI. 

 

II. FORMULATION OF THE PROBLEM 

This section describes multiuser OFDM systems considered 
for multiclass services along with the formulation of the 
problem. We consider the downlink of multiuser OFDM 
systems in a cellular base station (BS) transmitter. The systems 
consist of K users and N subcarriers. Each subcarrier n 
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( Nn ≤≤1 ) is assigned to user k ( Kk ≤≤1 ). A resource 
allocation algorithm selects different sets of subcarriers and the 
corresponding amount of transmit power for satisfying the QoS 
requirements of each user. We assume that each user has a 
traffic class with particular QoS requirements: a data rate 
requirement kR ,and a target BERk. It is assumed that perfect 
channel state information of each subcarrier from user k is 
available for the resource allocation algorithm. We assume that 
each subcarrier n independently experiences flat fading in a 
frequency-selective Rayleigh fading wireless channel. The user 
k has an achievable number of bits on each subcarrier n with 
the channel SNR 

nkH ,
, 

                          )1(log ,,2, knknknk Hpr Γ+=                    
(1) 

where nkp ,  is the transmit power of user k on subcarrier n and 

kΓ is a SNR gap of each user that is defined as the inverse Q-

function with target BERk , [ ]21 )4(31 kk BERQ −≡Γ . nkp ,  is 

given by  
                          )12()( ,

,, −⋅Γ= nkr
nkknk Hp .                    (2) 

The problem to solve here is to minimize the total transmit 
power per OFDM symbol while satisfying each user’s data rate 
requirements Rk bits per OFDM symbol and different target 
BER. This problem can be formulated as an objective function 
with constraints, as follows:  
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where kΩ  is the set of subcarrier allocation to user k. The set 
of subcarrier allocation is assumed mutually exclusive (i.e., 
subcarrier is used by one user only). The optimization variable 

kΩ  is a discrete allocation value to user k. The above 
optimization problem is thus considered as nonconvex under 
the unknown kΩ and mixed integer NLP problem. In order to 
make the problem tractable and thus solvable, we transform the 
original problem into a convex optimization problem on a 
convex set. For this transformation, a time-sharing factor of 
subcarrier n by every user k, ]1,0[, ∈nkρ , is introduced to the 

constraints. The subcarrier time sharing factor nk ,ρ  relaxes the 

constraint that limits the use of the subcarrier to only one user. 
Using

nk ,ρ , the new optimization problem is expressed as 

follows: 
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In [3], a time-sharing of subcarrier n obtains the lower bound 
value of the objective function. However, the eventual 
subcarrier allocation scheme follows a frequency division 
multiple access (FDMA) manner for feasible and practical 
systems. Specifically, the subcarrier n is assigned to user 'k  if 

nk ,′ρ  is 1. Otherwise nk ,ρ becomes zero for 'kk ≠  . In a case 
such as nk ,ρ is equal to 1, the optimal subcarrier assignment 
for user k is accomplished. The exclusive subcarrier allocation 
property makes the new optimization problem identical to the 
original problem and can yield a close approximation of the 
optimal value.  

The objective function is a linear function and is both a 
convex and a concave function. Each term on the left side of 
the constraint 1 in (4) (e.g.,  )1(log ,,,2, knknknknk Hp Γ+ ρρ  ) 
was verified as a concave function via the positive semidefinite 
of Hessian in [2]. The negative of each term is used 
(i.e., kknknknknk RHp −≤Γ+− )1(log ,,,2, ρρ ) to satisfy NLP 
constraints. Thus, this constraint that is the summation of the 
convex functions is a convex function. The objective function 
and all constraints including the linear function of constraints 2, 
3, and 4 in (4) are a convex function, which results in a convex 
minimization problem.  

 
III. OPTIMAL SOLUTION FOR SUBCARRIER AND POWER 

ALLOCATION 

This section presents the obtaining of optimal solution by 
the convex minimization problem. The constraints in (4) are 
nonlinear and inequality constraints. Hence, Karush-Kuhn-
Tucker (KKT) conditions [4] are used to obtain an optimal 
solution. Lagrangian relaxation L  for (4) is 

∑∑

∑∑∑∑∑ ∑

∑ ∑∑∑

= =

= == == =

= == =

−−

−−






 −−












−

Γ
+−=

N

n

K

k
nknk

N

n

K

k
nknk

N

n

K

k
nknk

N

n

K

k
nkn

K

k

N

n
k

knk

nknk
nkk

N

n

K

k
nk

p

R
Hp

pL

1 1
,,

1 1
,,

1 1
,,

1 1
,

1 1 ,

,,
2,

1 1
,

)1(

1

)1(log

ρδ

ρωαρµ

ρ
ρλ

    (5) 

where ,,,, ,, nknknk ωαµλ and nk ,δ are all non-negative 

Lagrange multipliers. According to the KKT conditions, we 
can have the KKT conditions that are necessary and sufficient 
for nk ,ρ  and nkp , to be an optimal solution, as the objective 

function and constraints of our problem are all convex 
functions. The KKT conditions are 
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where nk ,
*ρ  and nkp ,

*  denotes the optimal solution.  
We can get the optimal power solution nkp ,

*  over assigned 
subcarrier n of each user k by solving (6) in view of 

0,
* >nkp  . This result gives 

    [ ]+Γ−= nkkknknk HLp ,,,
* ρ , for k =1,…,K          (9) 

where kL  denotes the water-level for each user 

k, 2lnkkL λ= . Here [ ] { }xx ,0max=+ . In (9), nkp ,
*  is 

the classical water-filling expression on the subcarrier n 
assigned for user k. 

For the purpose of the optimal subcarrier assignment, the 
optimal subcarrier assignment criteria are such that  nk ,

*ρ  is 

equal to 1. Replacing nkp ,
*  in (7) with (9), we obtain the 

condition of nk ,
*ρ  as  
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where 
[ ] [ ]{ }++ Γ−−Γ= nkkkknkkknk HLHLLG ,,, 1)ln(  , 

                  for NnKk ≤≤≤≤ 1,1 .       (11) 
From (10), any subcarrier n should be assigned to the user 
k′ who has the largest nkG , value. To satisfy the constraint 2 in 

(4), we can conclude 
           kknknk ′≠∀==′ ,0,1 ,

*
,

* ρρ                    (12) 
where 

                       nkKk
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The value of nkG , increases as the nkH , and the water-level 

kL increase. Therefore, a user k that has the highest nkH , on 
subcarrier n may use this subcarrier. Increasing the water- level 
of user k also increases the probability of being allocated more 
subcarriers. There are the identical properties of function nkG , , 

as in Tao’s work [6]. These equivalent properties lead to an 
iterative algorithm similar to Tao’s algorithm. 

 
IV. RESOURCE ALLOCATION ALGORITHMS 

A. Iterative Algorithm 
 To obtain a near optimal power distribution among 

subcarriers, we follow the iterative algorithm proposed in [6] 
and add a discrete water-filling scheme. In [6], the number of 
bits on subcarrier n can be a real number, as the classical 
water-filling scheme is used. This classical scheme is not 
amenable for practical implementations. Hence, we use the 
Chow’s bit loading algorithm proposed in [10] for the discrete 
water-filling scheme in order to determine the number of bits 
on subcarrier n with integer value. The proposed iterative 
algorithm is described as follows:  
1) Initialization of  { }KLL ,...,1   

set ∆+Γ=
≤≤ nkkNnk HL ,1

min , for k =1,…,K 

2) Update of { }KLL ,...,1   
a) for n=1 to N 

compute nkG ,  from (11) for all k 

        get nk ,ρ  and k’  from (12) - (13) 

b) for k=1 to K 
compute [ ]+

=
Γ=′ ∑ )(log ,21 , knkk

N

n nkk HLR ρ   

c) find k* with ** kk
RR <′ and

kkkk RRRR −′≤−′ **  

for all k 
d) while ** kk

RR <′
 
for the found  k*  

increase water-level (WL)  ∆+= ** kk LL  

get nk ,ρ  from (11) - (13) for all k and n with new WL 

         compute *kR′ using the equation in step b) 

e) repeat steps b)-d) until kk RR ≥′
 
for all k 

3) Find ∑ =

N

n nknk p
1 ,,ρ from (1)-(2) for all k such that 

k
N

n nknk Rr =∑ =1 ,,ρ using the discrete water-filling algorithm. 

The smallest water-level of each user k is increased by the 
very small value ∆  until the individual data rate requirement 
is satisfied. In [6], the algorithm satisfies data rate requirement 
of each user by applying a single SNR gap (i.e., fixed target 
BER for all users).  Thus, [6] is a specific case of the proposed 
iterative algorithm that is extended to accommodate multiple 
SNR gap. After performing step 2), kR′  is greater than or equal 

to kR . This result represents that the data rate requirement of 
each user is satisfied with an appropriate channel adapted 
subcarrier set. The different sets of subcarrier are exclusively 
occupied by users according to (12)-(13). For any given 
subcarrier assignment, the Chow’s bit loading algorithm 
determines the number of bits on subcarrier n. Thus, we can 
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calculate the amount of power for achieving the data rate 
requirement of user k.  

B. Suboptimal Algorithm 
To propose a low computational suboptimal algorithm, we 

consider the 2-stage allocation strategy discussed in [8]. In the 
first stage, the number of subcarriers for user k, denoted kb , is 
determined by bandwidth assignment based on SNR (BABS) 
algorithm [8]. Each user gets the number of subcarriers (i.e., 
bandwidth) in the basis of each user’s rate requirement and the 
average channel gain. In the second stage, each subcarrier n is 
assigned to an appropriate user k to exploit multiuser diversity. 
The amplitude craving (ACG) algorithm in [8] finds user k 
who has the maximum channel gain on subcarrier n.  

In [9], the BABS with subcarrier-oriented (SO) searching 
algorithm shows less power consumption than the BABS with 
ACG algorithm. This BABS with SO algorithm chooses user k 
having the maximum overall subcarrier gain. 

Our suboptimal algorithm follows the BABS with SO 
algorithm by applying function nkG ,  in (11). We employ the 
maximum nkG , value when assigning subcarrier n to user k 
instead of the maximum channel gain value used in the BABS 
with SO algorithm. Unlike the iterative algorithm, the 
suboptimal algorithm does not increase water-level until the 
data rate requirement is satisfied. Hence, the unknown water-
level for user k should be determined in order to use nkG ,  
value. Substituting (9) into (8) with 0≠kλ , we obtain the 
water-level for user k as 
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We can not directly use (14), as an appropriate channel adapted 
subcarrier set is not decided yet. We just determine the number 

of subcarriers,∑ Ω∈ kn nk ,ρ , for user k by the BABS algorithm. 
In order to determine a water-level for user k, we use the 

average SNR (i.e., ∑ =
= N

n nkk NHH
1 , )/( ) of each user and 

can rewrite (14) as 
                    )(2)( kk bR

kkk HL Γ=′ .                        (15) 
Substituting (15) into (11), we have  

[ ] [ ]{ }++ ′Γ−−Γ′′=′ nkkkknkkknk HLHLLG ,,, 1)ln( , 
                    for  NnKk ≤≤≤≤ 1,1 .    (16) 

The proposed suboptimal algorithm using (16) is described as 
follows:  
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end while 
The proposed suboptimal algorithm is referred as BABS with 
maximum nkG ,  value subcarrier allocation (BABS + MaxG).  

 
V. SIMULATION RESULTS 

This section presents the simulation results of the proposed 
algorithms in diverse multiclass service scenarios. We consider 
a single cell with K = 6 users and N = 64 subcarriers with 
1MHz bandwidth in multiuser OFDM systems. The channel 
consists of six-tap independent Rayleigh multipaths with an 
exponential power decaying profile. Clarke’s flat fading model 
and simulation parameters are used, as discussed in [2]. The 
maximum delay spread is 5 sµ , and the maximum Doppler 
frequency is 30 Hz. We assume that the identical path loss 
exists between BS and all users. 

Table I represents the multiclass service scenarios. In 
Scenario 1, all users require the same data rate kR and target 
BER, which describes a single class service. Scenario 2 
employs different data rates under a fixed target BER. User 1, 
3, and 5 have the  16=kR  bits/OFDM symbol and users 2, 4, 

and 6 have the 48=kR  bits/OFDM symbol with the target 
BER (1E-3). The Scenario 2 can be considered as a military 
hierarchical service case in which high-rate voice and low-rate 
voice traffic users exist simultaneously. The different QoS may 
be required for a prioritized military communication service. 
Scenario 3 combines Scenario 1 and 2 for the different target 
BER and data rates for each user k. The example application of 
Scenario 3 is that voice traffic users with higher target BER 
(1E-3) and streaming video traffic (i.e., minimum bandwidth is 
required) users with lower target BER (1E-6) coexist.  

For comparison purpose in terms of the total transmit power 
consumption of the proposed algorithms, existing resource 
allocation algorithms such as the BABS with ACG (BABS + 
ACG) [8] and the BABS with SO (BABS + SO) [9] are used. 
All algorithms determine the amount of power by the discrete 
water-filling algorithm [10]. The amount of total transmit 
power is averaged over 20000 channel realization. The 
MATLAB is used as the simulation tool with our own codes.  
Fig. 1 shows the average total transmit power required to 

achieve the QoS requirements of each user for Scenarios 1, 2, 
and 3. The simulation results show that the proposed iterative 
algorithm has the minimum power consumption compared to 
other suboptimal algorithms. The proposed iterative algorithm 
shows a near optimal value and can be considered as a 
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reference value against other suboptimal algorithms. The 
proposed suboptimal algorithm (BABS + MaxG) outperforms 
compared to the BABS + SO and the BABS + ACG algorithms 
in all the scenarios. This result indicates that subcarriers are 
assigned to user k in more appropriate way by using (16), 
which exaggerates the benefit of multiuser diversity effect. The 
maximum difference between the proposed iterative and the 
BABS + MaxG algorithm occurs around 1.5 dBm in Scenario 
2. However, the BABS+SO and the BABS+ACG have the 
maximum difference around 6 dBm and 8dBm against the 
proposed iterative algorithm in Scenario 3. Scenario 2 has 
more total transmit power consumption than Scenario 1. This 
result makes sense, as the more power is required for the 
higher data rate requirements. In Scenario 3, the higher total 
transmit power is required than the power in Scenario 2 due to 
the presence of users with a lower BER. 

 
VI. CONCLUSION 

We have considered the minimum transmit power to satisfy 
each user’s QoS requirements under various multiclass service 
scenarios. An optimal power and a subcarrier allocation 
solution are obtained from a convex minimization problem. An 
iterative algorithm and a suboptimal algorithm are proposed by 
applying the optimal solution. The simulation results show that 
the proposed algorithms significantly minimize the total 
transmit power compared to existing resource allocation 
algorithms. We find that the optimal solution used in the 
proposed algorithms help to allocate more suitable subcarrier 
sets for each user.  
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Fig. 1. The average total transmit power consumption in Scenario 1, 2, and 3  

TABLE I 
MULTICLASS SERVICE SCENARIOS 

1, 3, and 5 
Odd-numbered users 

2, 4, and 6 
Even-numbered users Scenarios 

kR  BERk kR  BERk 

S1 16 1E-3  16 1E-3 
S2 16 1E-3  48 1E-3  
S3 16 1E-3  48 1E-6  
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